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- „ motoonte ALH84001 contain abunoant polycyclic 
Fresh Iracture surtaces of tne martian fracture surfaces also display carbonate 

aromatic hydrocarbons (PAHs). Thes ®j®f pAHs are indigenous to tne meteonte. High 
globules. Contamination studies su 99®^ micr oscopy study of surface textures and 

resolution scanning and transmission ne\e that the globules contain fine- 

intemal structures of selected ca *° n *^ and Fe-monosulf.des. The car- 
grained. secondary phases of ^gle-doma.n mag terrestr1al ba aenally induced 

bonate globules are similar in texture ation 1S possible, formation of the glob- 

carbonate precipitates. AUnougn inorgan ^ ^ obseived teaIU res including the 

ules by biogenic processes could e ^ ® tbeir associated secondary mineral phas- 

PAHs. The PAHs. the carbonate globules^ and t martjan bjota 

es and textures could thus oe fossil rema 


A long-standing debate over the possibility 
of present-day life on Mars was addres^d y 
the Viking lander expenments in 197b. Al- 
though the results were generally interpret- 
ed to be negative for life in the teste 
surface soils, the possibility of life at other 
locations on Mats could not be ruled out 
(1 ). The Viking lander's mass spectrometry 
experiments failed to connrm the existence 
of organics for the martian surface samples 
analvzed. Furthermore, the Viking results 
contained no information on possible fos- 
sils. Another source of information about 
possible ancient martian life is the bher- 
gotty-Nakhla-Chassigny vSNC) class of 
meteorites, which appear to nave come to 
the Earth bv impact events on Mars U. ->>■ 
We have examined ALH64C01 collected in 
Antarctica and recentlv recognized as a me- 
teome from Mars (4). Out octective was to 
look for signs of past ifossiil life within the 
pore space or secondary minerals of the 
martian meteorites. Our tasx is difficult be- 
cause we oniv have a small piece of rock 
from Man and we are searching for martian 


D. S. McKay Mail Code SN. NASA tvnaon B, Jormon 
Soace Center, ncxjston. TX 77058. USA. 

E. K. Gibson, jr Mail Code SNA NASA LvnoonB. John- 
son Soace Corner Houston. T/ "-8. USA_ 

K L Thomas-Keona. LOCKneeo Martin. Mail Code C23. 
2400 NASA Boao 1 Houston ~f .058. USA. 

H Vali. Deot. cl Earin and Piaoeiarv Sciences. M^i» 
University. 3450 University St.. Montreal. Queoec. H3 

Savannan Aver =caw Lawat|V. 
Drawer t. University ot Georoia. Amen. SC 29802 USA. 
S^Toemen.X.D.F.CMiier.C =. Maecn.no, aN.Zare. 
Dooanment of Cnemistrv. Stantoro unrversity. Stantoro. 
CA 94305-5080. USA. 


biomarken on the basts of what we know 
about life on Earth. Theretore. 'fthere.sa 
martian b.omarker, we may not be able to 
recognize it. unless it is similar to an earthly 
biomarker. Additionally, no information .s 
available on the geologic context of th 
rock on Mars. 

ALH84001 is an igneous orthopyroxen- 
,tc consisting of coarse-grained orihopyrox- 
ene |(Mg,Fe)SiO,l and minor maskelynite 
(NaAlSi,0«). olivine KMg.FelSiOj. chro- 
mite (FeCr : 0 4 ), pyme lFes : J. «na apatite 
/pn \ \ (4-6). Its crvstallizea on- 

two shock events separated bv a period of 
annealing- The age of the mst shock event 
has been estimated to be 4 ° (7UJnlik 
the other SNC meteorites. ALH84001 con 

tains secondary carbonate minerals that 
form globules from 1 to ~2oO p.m across (4. 

6. 8 9). These carbonate globules have 

been estimated to have tormed 3.6 Ga ( 10). 
Petrographic and electron m.croprobe re- 
sults (4 ID indicate that the carbonates 
formed at relatively high temperatures 
(~700°C), however, the stable oxvgen tso- 
' Jata indicate that the carbonates 
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carbonate globules ate touno along rractures 
and in pore spaces. Some or the carbonate 
dobules were snock-taultea (4. -)• 
shock event occurred on Mats or in space, 
and thus rules out a tenesmal origin tor the 
globules ( 3 . 8. 13). The isotopic composi- 
tion of the carbon and oxvgen associated 
with the caroonate gioDuies also indicates 
that they are indigenous to the meteonte 


and were not formed during us 13.000-vear 
residence in the Antarctic environment 

(13). 

The 5 n C values of tne carDonate in 
ALH84001 range up to 42 per mi for the 
large carbonate spheroids (12) and are 
higher chan values for carbonates in other 
SNC meteomes. The source ot the carDon 
is the martian atmospheric CO ; . which has 
been recycled through water into the car- 
bonate (12). The carbon isotopic composi- 
tions of ALH 84001 are similar to those 
measured in CM2 carbonaceous cnondrttes 
(14). Consequently, the carbonates in 
ALH84001 and the CM2 meteomes are 
believed to have been formed bv aqueous 
processes on parent bodies. Tne o C in 
martian meteorite carbonates ranges from 
-17 to +42%o (12. 15. 16). This range of 
■ 5 C valves exceeds the range of ! ’C gener. 
ated by most tenesmal inorganic processes 
(17, 18). Alternatively, biogenic processes 
are known to produce wide ranges in C 
fractionations on Earth ( 19. ..)■ 

ALH84001 amved on earth 15.UUU 
years ago and appears to be essentially tree 
of tenesmal weathering (8). ALH84001 
does not have the carbon isotopic compo- 
sitions typically associated with weathered 
meteorites ( 1 2 . 1 5) and derailed mineralog- 
ical studies (8)' show that ALH84001 has 
not been significantly affected bv tenesmal 
weathenng processes. 

ALH84001 is somewhat triable and 
breaks relatively easily along preexisting 
fractures. It is these fracture surtaces chat 
display the carbonate globules. We analyzed 
freshly broken fracture surtaces on small 
chips of ALH84001 for coivcvciic aromatic 
hydrocarbons (PAHs) usine a mtcroprobe 
two-step laser mass spectrometer ip.L-Mb) 

(22. 23). , , _ 

Polycyclic aromatic hydrocarbons, bpa- 
tial distribution maps of individual P 
on intenor fracture surtaces ot ALHB4UU1 
demonstrate that both total PAH abun- 
dance and the relative intensities ot indi- 
vidual species have a heterogeneous distri- 
bution at the 50-p.m scale. Tn.s d.smbutton 
appears to be consistent wun partial geo- 
chromatographic mobilization ot the PAHs 
(24). The average PAH concentration in 
the interior fracture surfaces is esttmatedto 
be in excess of 1 part per million (25). The 
PAHs were found in hignest concentration 
in regions rich in caroonates. 

From averaged spectra we identified two 
groupings of PAHs bv mass 'Fig. 1A). A 
middle-mass envelope or 175 to 2/6 atomic 
mass units tamu), dominates and is com- 
posed mostlv of simple 3- to 6-nng PAH 
skeletons with alkvlatea homoiogs account- 
mg for less than 10% of me totai integrateo 
signal intensity. Pnnctcai ceaxs at 1 / 5. 202. 
228, 252, and 278 amu are assigned tc 
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rnenanthrene (C h H 10 ), pyrene (C 16 H 1C ). 
chrysene (C iq H u ), peryiene or oenzopy- 
rene (C^H P ), and anthantnracene 
(C, 2 H r ) ( 26 ). A second weak, diffuse 
high-mass envelope extends trom about 3Cu 
to beyond 450 amu. The peak aensuv is 
high and shows a periodicity at 14 and 2 
amu. This distribution implies that there is 
a complex mixture of PAHs whose parent 
skeletons nave alkvlated side chains with 
varying degrees of dehydrogenation; specif- 
ic assignments are ambiguous. 

Contamination checks and control ex- 
periments indicate that the observed organ- 
ic material is indigenous to ALH84001. 
The accumulation of PAHs on the Green- 
land ice sheet over the past 400 years has 
been studied in ice cores (27). The total 
concentration of PAHs in the cores varies 
from 10 parts per trillion for premdustnal 
times to 1 part per billion for recent snow 
deposition. Because Antarctica is in tne less 
industrialized Southern Hemisphere, we 
may expect concentrations ot PAHs in 
Antarctic ice to lie between these two lim- 
its. The primary source of PAHs is anthro- 
pogenic emissions, which are characterized 
by extensive alkylation (*~10 fold greater 
than that of the parent PAHs) (28) and b\ 
the presence of abundant aromatic hetero- 
cycles, primarily dibcniothiophcne 
(C 12 H P S; 184 amu). In contrast, the PAHs 
in ALH84001 are present at the part per 
million level (~10 3 to 10* times higher 
concentration), show little alkvlation, and 
dibenzothiophene was not observed in any 
of the samples we studied. 

Analysis of Antarctic salt deposits on a 
heavily weathered meteorite (LEW 85320/ 
by plL 2 MS did not show the presence of 
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terrestrial PAHs within detection limits 
which suggests an upper limit tor terrestrial 
contamination ot ALH84001 of IV Mea- 
surements of four interior fragments ot two 
Antarctic ordinary’ chondrices (ALH83013 
and ALH83101 ) of petrologic classes H6 
and 16 showed no evidence of indigenous 
PAHs. These represent equivalent desorp- 
tion matrix blanks; previous studies have 
shown that no indigenous organic material 
is present in meteorites of petrologic class 

six (29). 

Spatially resolved studies ot exterior frag- 
ments of ALH84001, with intact fusion crust 
show that no PAHs are present within the 
fusion erase or a :one extending into the 
interior of the meteorite to a depth ot -50C 
p.m (Fig. 1. B-E). The PAH signal increases 
with increasing depth, leveling off at -120C 
|i.m within the interior, well away from the 
fusion crast. This concentration profile is 
consistent with volatilization and pyrolysis ot 
indigenous PAHs during atmospheric entry 
of the meteorite and formation of a fusion 
crast (30) but inconsistent with terrestrial 
introduction of organic material into the 
interior of ALH84001 along cracks and pore 
spaces dunng burial in the Antarctic ice 
sheet. These results indicate that the PAHs 
are indigenous to ALH84001. 

No evidence can be found for laboratory- 
based contamination introduced dunng pro- 
cessing. Samples for analysis were prepared 
at the meteorite clean labs at NASA John- 
son Space Center and sealed in containers 
before they were transported to Stanford 
University. A contamination study conduct- 
ed prior to analysis of these samples showed 
no evidence for any PAH contamination 
(31). We also conducted experiments in 
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which chips c ALH84001 were cultured in 
nutrient mec. tm under aerobic ana anero- 
bic condition we found the chips to be 
sterile. 

PAHs have been found m a wide range 
of extraterrestial materials using the jxL'MS 
technique, r eluding carbonaceous and or- 
dinary chor .rites (29), interplanetary’ dust 
particles (2 32) and interstellar grapnite 

srains (33) F’ach material is characterized 
cv differing PAH distributions reflecting 
the differei environments in which the 
PAHs form ; and their subsequent evolu- 
tion (for e- mple, as a result of aqueous 
alteration aod thermal metamorphism). 
Comparison of the mass distribution of 
PAHs observed in ALH84001 with that of 
PAHs in other extraterrestrial materials in- 
dicates that the closest match is with the 
CM2 carbonaceous chondrites (34)- The 
PAHs in ALH84001, however, differ in 
several respects from the CM2 chondrites: 
iow-mass PAHs such as naphthalene 
iC i0 H H ; 12b amu) and acenaphthaiene 
(C p Hj,; 152 amu) are absent in 
ALH84001, the middle-mass envelope 
shows no alkylation, and the relative inten- 
sity of the j- and 6-ring PAHs and the 
relative intensity and complexity of the ex- 
tended hie. .-mass distribution are different. 

On Ea::h, PAHs are abundant as fossil 
molecules m ancient sedimentary rocks, 
coal, and petroleum where they are derived 
from chemical aromatization of biological 
precursors uch as marine plankton and ear- 
ly plant lif (35). In such samples, PAHs are 
typically present as thousands, if not hun- 
dreds of thousands, of homologous and iso- 
meric sen -.; in contrast, the PAHs we ob- 
served m ALH84001 appear to be relatively 


Fig. 1. (A) Averaged mass soecuur. of an mienor. caroonate-nch. fracture 
sunace ot ALH64001 . The soectrum reoresents me average of 1 2B0 individual 
sDectra Defining an analyzed surface region of 75C tv 750 u/n mao Deo at a 
spatial resolution of 50 by 50 mm. iB-E) PAH Sana intensity as a function 


of distance trom tne AU-84001 fus; ? 
in (A). The fusion crust fragment, v • • 
cleaved immeoiatety crc r to anav 
ducea in <2 minutes into tne jxL" 
dicular to tne fusion crust surface > 

distance of 1 200 p.m inward. The e - 

line ana is tne average of a 2 by 
analysis sDOt being tne summed a vt; 


-r urust for the four Dnmarv PA^s snowr, 

■ r, snowed no preexisting fractures, was 
. >mg a staimess steel scaoei ana intre- 
nch ptot represents a section oeroen- 
, • on stans at the extenor ana extent's ; 

u resolution is 1 00 iim aiong tne seoiiC 
■•ray of 50 by 50 urn 1 analyses, win euc 
■araoe of 5 time-of-flight soectra. 
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Fig. 2. Faise-coior bacx- 1 
scatter electron {BSD im* » 
age of fracturea surface of i 
a cmo Trorn ALH84001 i 
meieorne snowing aistn- i 
oution of ihe caroonate I 
giotxjies. OrthODyroxene i 
s green and the car- 
oooate cioouies are or- 
ange. Surrounding tne I 
Mg-caroonate are a j 
DlacK nm (magnesite) 1 
and a wnrte. Fe-rich nm. | 
Scale oar is 1 mm. (Fa)se l 
color produced by C. I 
Scnwanotl. 
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simple. The in situ chemical aromanzatton 
of naturallv occurring biological cyclic com- 
pounds in earlv diaeenesis can produce a 
restricted number ot PAHs (36). Hence, we 
would expect that diagenesis of microorgan- 
isms on ALH84001 could produce what we 
observed— a few specific PAHs rather 
than a complex mixture involving alkylated 
homologs. 

Chemistry and mineralogy of the car- 
bonates. The freshlv broken, but preexist- 
ing fracture surfaces rich in PAHs also typ- 
ically display carbonate globules. The glob- 
ules tend to be discoid rather than spheri- 
cal, and are flattened parallel to the fracture 


surface. Intact carbonate globules appear 
orange in visible light, have a rounded ap- 
pearance, and manv display alternating 
black and white rims. Under high magnifi- 
cation stereo light microscopy or SEM ste- 
reo imaging, some of the globules appear to 
be quite thin and pancake-like, suggesting 
that the carbonates formed in the restricted 
width of a chin fracture. This geometry 
limited their growth perpendicular to but 
not parallel to the fracture. 

We selected a typical globule, ~50 \irc\ 
m diameter, for analysis by TEM and elec- 
tron mtcroprobe (37). On the basis of back- 
scatter electron (BSE) images (Fig. 2), the 


Fig. 3. BSE image and ] 
electron microoroDe j 
maos snowing the con- i 4colofig003 

cent rat on of five elements i 
>n a caroonate from j 
ALH84001. The element ! 
maos snow that the car- | 

Donate is chemcaity 
zooea. Colors range 
ihrouon red. green, light 
blue, and deep blue, re- 
flecting the highest to low- 
est eiement concentra- 
tions. Scale bars tor art rm- i 
ages are 20 M^n. (At BSE | 
image snowing location of | 
onnooyroxeoe IOPXV cii- j 
nooyroxene (CPX), aoa- j 
tne (A>. ana carbonate i 
^MgC. C). Fe-ncn nms iR) ! 
seoarate tne center of tne I 
carbonate (Q from a Mg- j 
ncn caroonate (MgC) nm. ; 

Region tn the box is oe- : 

scnoed in Figs. 5 ana 6. J . 

•B) Fe is most aounoant in winhoct ^ ic associated 

tne oaranet nms. -3 nm across, ana in a region of the caroorate -20 um in saafC) SDOts 

with an Fe-ncn nm: it is not homogeneously aistnoutea. do: ratner located in aisc - 

n tne nm A lower S aounaance is present throughout tne c.oouie in oatcny areas. C °^ 6 s , s 

'J Mo are snown in tne Fe-ooor outer region of tne caroonate. A Mg-ncn region (Mg ). * ‘ 

ocatea oetween tne two Fe-ncn nms. (B Ca-ncn regions are associateo wnh the aoatrte. the Fe-ncn 
tne caroonate ana tne ainopyroxene (R. P-ncn regions are associateo with tne aoatrte. 


larger giofcules (>10 |xm) have Ca-ric 
cores (which also contain the highest M 
abundances) surrounded bv alternating Fe 
and Ms-rich bands (Fig. 3). Near the eat; 
of the globule, several sharp thin bands an 
present. Tne first band is rich in Fe and ^ 
the second is rich in Mg with no Fe, th 
third is rich in Fe and S again (Fig. - 4 
Detectable S is also present in patchy are 1 
throughout the globule. 

In situ TEM analyses of the globule r 
Fig. 4 revealed that Fe- and Mg-nch car 
bonates located nearer to the rim range 11 
composition from ferroan magnesite to pun. 
magnesite. The Fe-nch nms are composet 
mainlv of fine-grained magnetite ranging ir 
size from ~10 to 100 nm and minor 
amounts of pyrrhotue ( — 5 vol%) (Figs. 3 
region i and 4A). Magnetite crystals art 
cuboid, teardrop, and irregular in shape 
Individual crystals have well-preservec 
structures with no lattice defects. The mac 
nettte and Fe-sulfide are in a fine-grained 
carbonate matrix (Figs. 4A— 4C). Composi 
uon of the fine-grained carbonate matm 
matches that of coarse-grained carbonate; 
located adjacent to the nm (Fig. 4A). 

High-rcsolution transmission electron 
microscopy (HRTEM) and energy dispersive 
spectroscopy (EDS) showed that the Fe 
sulfide phase associated with the Fe-ricl 
nms is pyrrhotite (Fig. 4C). Pyrrhotite par 
tides are composed of S and Fe only, nt. 
oxygen was observed in the spectra; particle 
have atomic Fe/S ratios ranging from ~0.9^ 
to 0.97. The size and shape of the FeS 
particles varies. Single euhedral crystals o 
pyrrhotite range up to ~100 nm across 
polvcrvstalline panicles have more rounder 
shapes ranging from “~20 to 60 nm acros 
(Fig. 40. HRTEM of these particles showee 
that their basal spacing is 0.57 nm, whicl 

corresponds to the {111} reflection of chr 
pyrthonce in a 4C monoclinic system. Th< 
magnetite is distributed uniformly in th j 
nm, whereas the pyrrhotite seems to be dis 
tnb 'M randomly in distinct domains -5 t( 
10 jua iong (Fig. 3C). Magnetite grams 11 
AU IIS4001 did not contain detectable 
am-i-inrs of minor elements. In addition 
th ; magnetite grams are single-doman 
cr ( . having no structural defects. 

, .i rennet region, located toward th- 
C r ,ii-c; rhe carbonate spheroid but com 

p o:t-- separate from the magnetite-nci 
r bed above, also shows accumuia 

t K i*.r magnetite and an Fe-nch suit id* 
I . region 11 and 5A). This resioi 

L . w, - vo types of textures: The first on 
1 massive and electron-dense unde 

► . The second region is much ie 

;ense and is porous. The poroi 
occurs mainlv in crosscutun 
:■ fucu mid rarely in isolated patches. W 
: . c this porous texture as a region 
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which the massive carbonate has been par- 
tially dissolved. The nanometer-size maene- 
ute and Fe-suifide chases are everywhere 
associated wuh the nne-erained Mg-Fe-ricn 
carbonate. In the regions containing nigh 
concentrations of maenetite, dissolution ot 
carbonate is evident tFig. 5A). in contrast 
to the maenecue-ncn rim. the core area 
contains tew magnetite particles. The Fe- 
sulfide phases in this magneme-poor region 
have chemical compositions similar to that 
ot the pyrrhotue. However, unlike pynho- 
cue grains chat have a large variety ot mor- 
phologies. most of these Fe-sulfide particles 
have elongated shapes V Fig. 5B). We could 
not obtain a diffraction pattern of these 
Fe-monosulfide particles because they were 
unstable in the electron beam. Possible can- 
didates tor these be-monosulfide minerals 
include mackinawue (FeS^J, greigue 
(Fe,S 4 ), and smvthite (Fe Q S n ). Because of 
the morphological similarity to terrestrial 
greigue (Fig. 50, we suggest these Fe sul- 
fide minerals are probably greigue (38). 

Formation of the magnetite and iron 
sulfides. The occurrence of the fine-grained 
carbonate. Fe-monosulfide, and magnetite 
phases could be explained bv either inor- 
ganic or biogenic processes. Single-domain 
magnetite can precipitate inorganically un- 
der ambient temperature and neutral pH 
conditions by partial oxidation of ferrous 


solutions (39). Tnis synthetic magnetite 
ranges in sue from about 1 to more than 
100 nm and is chemically vetv pure (39). 
Simultaneous inorganic precipitation or 
maenetite and pvnhotite requires strongly 
reducing conditions at high pH (40). How- 
ever, carbonate is normally stable at high 
pH, and the observed dissolution of carbon- 
ate would normally require low pH ^acidic 
conditions. It is possible that the Fe-sul- 
fides. magnetite, and carbonates all formed 
under high pH conditions, and the acidity 
changed at some point to low pH causing 
the partial dissolution of the carbonates. 
But the Fe-sulfide and magnetite do not 
appear to have undergone anv corrosion or 
dissolution (41), which would have likely 
occurred under acidic conditions. More- 
over, as previously mentioned, the dissolu- 
tion of carbonate is always intimately asso- 
ciated with the presence of Fe-sulfides and 
magnetite. Consequently, neither simulta- 
neous precipitation of Fe-suifides and mag- 
netite along with dissolution of carbonates 
nor sequential dissolution of carbonate at a 
later time without concurrent dissolution of 
Fe-sulfides and magnetite seems plausible in 
simple inorganic models, although more 
complex models could be proposed. 

In contrast, the coexistence of magnetite 
and Fe-sulfide phases within partially dis- 
solved carbonate could be explained by bio- 



Flg. 4. 7EM images oi a tnm section ob- 
tained from can cf tne same fragment 
shown in Fig. 3A (from me region ot arrow 
1. Fig. 2AI (A) Image at low magnification 
showina tne Fe-ncn nm containing fine- 
grain magnetite ana Fe-sulfide pnases ana 
their association with the surrounding car- 
bonate (Ci ana onnooyrcxene iCPX). (B) 
Hiah magnification ci a maanetite-ncn area 
in (A) showing tne a:striDution of individual 
magnetite crystals irvgh contrast) within 
the fine-aram carbonate new contrast). (C) 
Hign magnification c: a cvrrnome-r.cn re- 
gion snowing the c str.cut'.cn cf individual 
cyrmotite oanicies irwo c:acK arrows in the 
center) tooetner w;tn magnetite ictner ar- 
rows) w tnm me f-e-grayneo caroonate 
(low contrast). 


genic processes, which are known to oper- 
ate under extreme disequilibrium condi- 
tions. Intercellular coprecipttation of Fe- 
sulfides and magnetite within individual 
bacteria has been reported (42). In addi- 
tion, extracellular biomediated precipita- 
tion of Fe-sulfides and magnetite can take 
place under anaerobic conditions (43. 44). 

Magnetite particles in ALH84001 are 
similar (chemically, structurally, and mor- 
phologically) to terrestrial magnetite pani- 
cles known as magnetotossils (45), which 
are fossil remains of bacterial magnetosomes 
(46) found in a variety of sediments and 
soils (41, 47. 48) and classified as single- 
domain (~20 to 100 nm) or superparamag- 
netic (<20 nm).(49). Single-domain mag- 
netite has been reponed in ancient lime- 
stones and interpreted as biogenic (48). 
Some of the magnetite crystals in the 
ALH84001 carbonates resemble extracellu- 
lar precipitated superparamagnetic magne- 
tite particles produced by the growth of 
anaerobic bacterium strain GS-15 (43). 

Surface features and origin of the car- 
bonates. We examined carbonate surfaces 
on a number of small chips of ALH84001 
using high-resolution SEM (50). The be- 
nch rim of globules rvpically consist of an 
aggregate of tiny ovoids intermixed with 
small irregular to angular objects (Fig. 6 A). 
Ovoids in the example are about 100 nm in 
longest dimension, and the irregular objects 
range from 20 to 80 nm across. These fea- 
tures are typical of those on the Fe-rich rims 
of many carbonate globules. These objects 
are similar in size and shape to features in 
the Fe-nch rims identified as magnetite and 
pyrrhotue (Figs. 4B-4C). These objects are 
too small to obtain compositional analysis 
under the SEM. 

In the center of some of the globules 
(Fig. 2), the surface of the carbonate shows 
an irregular, gramv texture. This surface 
texture does not resemble either cleavage or 
a growth surface cf synthetic and diaeenetic 
carbonates (5J). These surtaces also display 
small regularly shaped ovoid and elongated 
forms ranging from about 20 to 100 nm in 
longest dimension iFig. 6B). Similar tex 
tures containing ovoids have been found ot. 
the surrace of caicue concretions growr 
from Pleistocene ground water m southerr 
Italy (52) where they are interpreted a. 
nannobacceria that nave assisted the calciti 
precipitation. 

The origin of these textures on the sur 
face of the ALH54001 carbonates (Fig 
6A-6B) is unclear. One possible explan 
non i' that tne textures observed on u 
carbonate sunace is a result ot the parti 
dissolution ot the carbonate, that is tnev 
erosion;.! remnants or the carbonate tl 
happen to ee m tr.e shape ot ovoids ? 
elongate torms pernaps because the carb 
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ace has preierentialiv erooed along pram 
boundaries or dislocations. anocK etiects 
may have enhanced such textures. Howev- 
er, as we know of no simitar example from 
the terrestrial geologic record or rrom labo- 
ratory experiments, we cannot tullv evalu- 
ate this possible explanation lor the tex- 
tures. A second possibility is that artifacts 
can be created during samne preparation or 
may result from laboratory contamination. 
For example, the application oi a thick 
Au-conductive coating can produce tex- 
tures resembling mud cracks, and even 
droplets or blobs of Au. Laboratory' contam- 
ination can include dust grains, residue 
from sample cleaning, ana organic contam- 
ination from epoxy. For comparison, we 


examined several control samples created 
identically to the meteorite chips. We con- 
clude that the complex textures (Fie. 6) did 
not result from proceaures used in our lab- 
oratory. Only interior or tresniv broken sur- 
faces of chips were used (5CL We aid ob- 
serve an artifact texture from our Au-Pd 
conductive coating that consists of a mud 
crack-like texture visible oniv at 50 , 000 X 
magnification or greater. None ot the con- 
trols display concentrations or blobs ot 
coating material. A lunar rock chip earned 
through the same procedures and examined 
at high magnification showed none of the 
features seen in Fig. 0. 

An alternative explanation is that these 
textures as well as the nanosize magnetite 



Fla. 5. TEM images of a trtm section showing the morphology of the Fe-sutfide cnases oresent in 
ALH84001 ana a terrestnai son samoie. iron sulfide Dnase (greigite? Fe 3 S 4 ) « located in a r^netite- 
ooor region separate and aistinct from tne magnetite-nch nms (Fig. 3A. arrow II). (A) TEM of a turn 
section showing a cross section of a single ca/oonate crystal (large oacK regions: The apparent 
cleavage features are due to unite damage by ultramicrotomy.) A vein of fine -grained caroonate (light 
grev) is observed between tne large caroonate crystal. Possibly greigite and secondary magnetite (fine, 
dark crystals) have been precipaatea in this fine-grained matnx. There is a direct moon bewreen tne 
degree of carbonate dissolution and tne concentration of the fme-graineo magnetite and Fe-sumde 
phases. This region snows less alteration ot caroonate and fewer Fe-nch particles, wnne region snown 
m Fig. 4 contain caroonate mat nas oeen highly altered ana contains aounoant Fe-ncn oaroctes. T e 
cleavage suilace of tne caroonate ctvsial does not snow any dissolution features larows); there is no 
evidence of structural selective Dissolution of caroonate. (B) a representative elongated e-sui oe 
particle, located in tne dissolution region of tne caroonate described in (A), is most ixeiv composed o 
greigite. The moronoiogy ana cnemicai composition of these particles are simitar to tne Diogenic greigite 
described in (C). (C) High magnification of an individual microorganism within a root cen of a scui samoie 
showing an elongated. muiccr/statline core of greigite within an organic envelope. 



and Fe-suliuies. arc the products ot micro! ; 
ological activity. It could be areued th 
these features in ALH84001 termed in Ar : 
arctica by biogenic processes or inorgar 1 
weathering. It is unlikely that reduced pha 
es. such as iron sulfides, would torm in An 
arctica during inorganic weatnering; repoi 
ed authigemc sultur-bearing phases fr< a 
Antarctic soils and meteorites are suitates 
hydrated sulfates. In general, autnigenic s< 
ondarv minerals in Antarctica are oxidr 
or hydrated (53). The lack of PAHs in t < 
analysed Antarctic meteontes, the steniu ; 
of the sample, and the neariv unweather 
nature of ALH84001 argue against an A 
arctic biogenic origin. As a control we 
ammed three Antarctic ordinary chondm 
(ALH781 19, ALH760C4. and ALH81CVH 
(which do not have indigenous PAHs) fron 
the same ice field where ALH84001 wa 
collected, as well as a heaviiv weather 
ordinary chondrite that gave negative result 
for PAHs (LEW 85320). These meceorm 
were chosen to cover the different degree ’. < 
weathering observed on Antarctic memo, 
ites. Examination of gram surfaces at a 
magnifications in weathered and unweadi 
ered regions of these meteontes showed n- 
sign of the ovoid and elongate forms seen i 
ALH84001. However, none of these coiua 
meteorites contained detectable carbon. 

Ovoid features in Fig. 6 are similar in si 
and shape to nannobacteria in travmcir- 
and limestone (54). The elongate ton* 
(Fig. 6B) resemble some forms of fossiii'.'- 
filamentous bacteria in the terrestrial co* 
record. In general, the terrestrial baccoi 
microfossils (55) are more than an order < 
magnitude larger than the forms seen m. t! 
ALH84001 carbonates. 

The carbonate globules in ALH-< 
are clearly a kev element in tne inter 
non of this martian meteorite. The or. 
these globules is controversial; Harvc 
McSween ( 1 J ) and Mittietehldt (4 ) a 
on rhe basis of microprobe chemist!-' 
equilibrium phase relationships, th 
globules were formed bv high-temp-- 
nv tamorphic or hydrothermal rea ■ 
Alternatively, Romanek et oi. (12) ■ 
on the basis of isotopic relationship 


Fia. 6 . Hiah-resolutjon SEM imaaes snowing ovoia and elongate features associated with ALH84001 
carbonate gioDuies. (A) Sunace of Fe-ncn nm area. Numerous ovoios. approximately 100 nm in 
diameter, are present (arrows i. TuDuiar-snaDea ooaies are aiso aooarent (arrows!, mailer anguiai 
grains may oe tne magnetite ano cyrmotite founa by TEM. m Close view of central region of camonate 
(away trom nm areas) snowing textured surface and nanometer ovoics ano elonga.ea forms (arrows). 


carbonates were formed under lo 

r nature nvdrothermai conditions (5« 
nunophase magnetite and. iron nv 
present in these globules woul 
r V -) be detected in microprobe at 
/.u’h normally have a spatial resol' 
...v-ur i micrometer. Cur TEM oose 
.-v v;ur S maps, suggest that na 
■ erne and iron sulfides, while 
• j ir- some zones, are present i 
. i: . -lobules. The effect of the 
oxide and sulfide minerals 
- . microprobe anaivses m 
: .v.crp relation of tne micropr 
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(4, li) uncertain. Alternatively, if the 
globules are products of biologic activity, a 
iow-temperature tormation would be indi- 
cated. The texcures of the carbonate glob- 
ules are similar to bacteriallv induced car- 
bonate crystal bundle precipitates produced 
m the laboratory and in a fresh water pond 
(57). Moreover, the observed sequence in 
the martian carbonate globules — Mn-con- 
taining carbonate production early (in the 
core) followed by Fe carbonate and finish- 
ing with the abundant production or re- 
duced Fe-sulfides is a sequence chat is com- 
mon in terrestrial settings, as Mn is Tirst 
reduced bv biogenic action, followed by 
ferric iron and sulfate (57). Pure Mg-car- 
bonate (magnesite) can also be produced by 
biomineralization under alkaline conditions 
(59). On the basis of these observations, we 
interpret that the carbonate globules have a 
biogenic origin and were likely formed at 
low temperatures. 

It is possible that all ot the described 
features in ALH84001 can be explained bv 
inorganic processes, but these explanations 
appear to require restricted conditions, tor 
example sulfate reducing conditions in 
Antarctic ice sheets, which are not known 
to occur. Formation of the described fea- 
tures by organic activity in Antarctica is 
also possible but such activity is only poorlv 
understood at present. However, manv of 
the described features are close Iv associated 
with the carbonate globules which, based 
on textural and isotopic evidence, were 
likely formed on Mars before the meteorite 
came to Antarctica. Consequently, the for- 
mation of possible organic products i mag- 
netite and iron-monosulfides) within the 
globules is difficult to understand, if the 
carbonates formed on Mars and the magne- 
tite and iron monosulfides formed in Ant- 
arctica. Additionally, these products might 
require anerobic bacteria, and the Antarctic 
ice sheet environment appears to be oxv- 
gen-rich: ferric oxide formed from metallic 
Fe is a common weathering product in Ant- 
arctic meteontes. 

In examining the martian meteorite 
ALH84001 we have found that the follow- 
ing evidence is compatible with the exis- 
tence of past life on Mars: (i) an igneous 
Mars rock (of unknown geologic context) 
that was penetrated by a fluid along frac- 
tures and pore spaces, which then became 
the sites of secondary mineral formation 
and possible biogenic activity, (ii) a forma- 
tion age for the carbonate globules younger 
than the age of the igneous rock, (lii) SEM 
and TEM images of carbonate globules and 
features resembling terrestrial microorgan- 
isms, terrestrial biogenic carbonate struc- 
tures, or micTotossils, (iv) magnetite and 
iron sulfide particles that could have resuit- 
ed from oxidation and reduction reactions 


known to be important in terrestrial micro- 
bial systems, (vj the presence of PAHs as- 
sociated with surfaces rich in carbonate 
globules. None of these observations is in 
itself conclusive for the existence or past 
life. Although there are alternative expla- 
nations tor each of these phenomena taken 
individually, when considered collectively, 
particularly in view of their spatial associa- 
tion, we conclude that they are evidence tor 
primitive life on early Mars. 
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